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We present a generalized transmission coefficient formula for the lead-junction-lead system, in
which interaction between the leads has been taken into account. Based on it the Caroli formula
could be easily recovered and a transmission coefficient formula for interface problem in the ballistic
system can be obtained. The condition of validity for the formula is carefully explored. We mainly
focus on heat transport. However, the corresponding electrical transport could be similarly dealt
with. Also, an illustrative example is given to clarify the precise meaning of the quantities used
in the formula, such as the concept of the reduced interacting matrix in different situations. In
addition, an explicit transmission coefficient formula for a general one-dimensional interface setup
is obtained based on the derived interface formula.
PACS numbers: 05.70.Ln, 44.10.+i, 63.22.-m
I. INTRODUCTION
In recent years there has been a huge increase in re-
search and development of nanoscale science and tech-
nology, with the study of energy and electron transport
playing important role. Focusing on thermal transport,
Landauer-like results for steady-state heat flow have been
proposed earlier [1, 2]. Subsequently, based on quan-
tum Langevin equation approach, many authors success-
fully obtained a Landauer-type expression [3–5]. Alterna-
tively, nonequilibrium Green’s function (NEGF) method
has been introduced to investigate mesoscopic thermal
transport, which is particularly suited for use with bal-
listic thermal transport and readily allows the incorpora-
tion of nonlinear interactions [6–8]. Generally speaking,
in the lead-junction-lead system, steady-state heat cur-
rent of ballistic thermal transport flowing from left lead
to right lead has been described by the Landauer-like
formula, which was derived first for electrical current, as
I =
∫ ∞
0
dω
2pi
~ω T [ω] (fL − fR) , (1)
where f{L,R} =
{
exp
(
~ω/kBT{L,R}
)− 1}−1 is the Bose-
Einstein distribution for phonons, and T [ω] is known as
the transmission coefficient. Based on nonequilibrium
Green’s function method, T [ω] can be calculated through
the Caroli formula in terms of the Green’s functions of
the junction and the self-energies of the leads,
T [ω] =Tr (GrΓRG
aΓL) , (2)
where Gr,a is the Green’s function of the junction, and
Γ{L,R} =i
[
Σr{L,R} − Σa{L,R}
]
, (3)
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where the self-energy terms Σr,a{L,R} are due to the semi-
infinite leads on the left, L, and on the right, R, respec-
tively. The superscript r and a denote the retarded and
advanced, respectively, both for the self-energies as well
as for the Green’s functions in the formula. The specific
form (2) was given from NEGF formalism by Meir and
Wingreen [9] for electronic case and later by Yamamoto
and Watanabe for phonon transport [10], while Caroli et
al. first obtained a formula for the electronic transport
in a slightly more restricted case [11]. Also, Mingo et al.
have derived a similar expression for transmission coeffi-
cient using “atomistic Green’s function” method [12, 13].
Very recently, Das and Dhar [14] derive the Landauer-
like expression from plane wave picture using Lippmann-
Schwinger scattering approach.
The Landauer-like formula describes the situation in
which the junction is small enough compared to the co-
herent length of the waves so that it could be treated as
elastic scattering where the energy is conserved. Further-
more, it has been assumed that the two leads are decou-
pled which physically means there is no direct tunneling
between the two leads. Through modern nanoscale tech-
nology, small junction is easily realized such as in certain
nanoscale systems, for instance, a single molecule or, in
general, a small cluster of atoms between two bulk elec-
trodes. In that case, the electrode surfaces of the bulk
conductors may be separated by just a few angstroms
so that some finite electronic coupling between the two
surfaces is inevitable taking into account the long-range
interaction. In order to solve this problem, Di Ventra
suggested that [15] we can choose our “sample” region
(junction) to extend several atomic layers inside the bulk
electrodes where screening is essentially complete so that
the above coupling could be negligible. It turns out to be
correct using this trick to avoid the interaction between
the two leads, which will be verified in a simple example
at the end of the paper, even though we, to some limited
extent, modify the initial condition necessary to derive
Landauer-like formula in NEGF formalism and reparti-
tion the total Hamiltonian. However, this procedure or
2trick could not be always done due to some topologi-
cal reason such as studying heat current in Rubin model
[16] in which the other end of the two semi-infinite leads
is connected (a ring problem). Actually this somewhat
trivial example is not so artificial since it is equivalent to
using periodic boundary condition in Rubin model. Fur-
thermore, the modification of the initial product state
will certainly affect the behavior of the transient heat
current. If we want to study the transient and steady
heat current [17] in a unified way, the repartitioning pro-
cedure which changes the model is not acceptable. So in
this work we will try to derive a compact formula applica-
ble to this general model including lead-lead interaction
for steady-state heat current according to NEGF formal-
ism, and correspondingly obtained a Caroli-like formula
for transmission coefficient. Furthermore, an interface
transmission coefficient formula in the NEGF formalism
will be given as a special case of the general Caroli-like
formula. Also, the standard Caroli formula follows as a
one-line proof.
The paper is organized into two main sections. In Sec-
tion II, we develop our formalism to derive our general-
ized expression for the steady current directly taking cou-
pling between leads into account. Based on this general
formula, we will recover the Caroli formula and derive a
computationally efficient interface formula in IID. Then
we apply this formalism to an illustrative model system
in Section III and show the results of numerical calcula-
tions. Also, we will apply the interface formula obtained
in Section II to derive an explicit expression for transmis-
sion coefficient in Section IV. Finally we conclude with a
short discussion in Section V.
II. FORMALISM
A. Model system
As was mentioned previously, we will consider the lead-
junction-lead model initially prepared in product state
ρˆ (t0) =
e−βLHL
Tr(e−βLHL)
⊗ e−βCHC
Tr(e−βCHC )
⊗ e−βRHR
Tr(e−βRHR)
. We can
imagine that left lead (L), center junction (C), and right
lead (R) in this model was in contact with three different
heat baths at the inverse temperature βL ≡ (kBTL)−1,
βC ≡ (kBTC)−1 and βR ≡ (kBTR)−1, respectively for
time t < t0. At time t = t0, all the heat baths are re-
moved, and coupling of the center junction with the leads
and the interaction between the two leads are switched
on abruptly. Now the total Hamiltonian of the lead-
junction-lead system becomes
Htot =HL +HC +HR +HLC +HCR +HLR, (4)
where Hα =
1
2
pTαpα+
1
2
uTαK
αuα, α = L,C,R represents
coupled harmonic oscillators, uα ≡
√
mxα and pα are col-
umn vectors of transformed coordinates and correspond-
ing conjugate momenta in region α. The superscript
T stands for matrix transpose. HLC ≡ uTLV LCuC and
HCR ≡ uTCV CRuR are the usual couplings between the
junction and the two leads, which are certainly necessary
to establish the heat current. Now the new term repre-
senting interaction between two leads HLR = u
T
LV
LRuR
will modify transmission coefficient greatly, which is our
main interest.
It is worth mentioning that nonlinear interaction could
be added inside the center junction and dealt with us-
ing self-consistent approach in the framework of NEGF,
which has been done by many authors [18, 19].
B. Steady state contour-ordered Green’s functions
Contour-ordered Green’s functions are the central ob-
jects in the NEGF formalism, among which the directly
derived relation say, Dyson equation, could be readily
transformed to all kinds of relations among the real-time
Green’s functions by Langreth theorem [20]. And many
interesting quantities such as the current we will consider
in the following subsection could be easily related to the
proper real-time Green’s functions.
Steady-state contour-ordered Green’s functions are de-
fined as
Gαβjk (τ1, τ2) =−
i
~
Tr
{
ρˆss (s)Tc
[
uαj (τ1)u
β
k (τ2)
]}
, (5)
where ρˆss (s) = U (s, t0) ρˆ (t0)U (t0, s) is the steady-state
density operator, in which time s > t0 introduced for
convenience of later discussion could take any finite time
since the switch-on time t0 will be let to go to −∞ at
the end in order to establish steady-state heat current.
uαj (τ1) = U (s, τ1)u
α
j U (τ1, s) is operator in the Heisen-
berg picture and similarly for uβk (τ2). The variables τ1
and τ2 are on the contour from time s to∞ and back from
∞ to time s. U (t0, s) etc. are the time evolution oper-
ators of the full Hamiltonian. Tc is the contour-ordering
super-operator. There is a strong assumption here which
is all we need in the whole derivation, where we assume
steady state could be established from initial product
state after infinite time so that all the steady-state real-
time Green’s function depend only on the difference of
the two time arguments. This intuitively reasonable as-
sumption is not always guaranteed and there is a specific
example about how to establish steady-state heat current
in Ref [21].
After t0 → −∞ , s → t+0 , and transforming to the
interaction picture, where the total Hamiltonian Htot is
separated into the free part H0 = HL+HC+HR and the
interaction part Hint = HLC +HCR +HLR, we obtain
Gαβjk (τ1, τ2) =
− i
~
Tr
{
ρˆ (−∞)Tc
[
e−
i
~
∫
K
HIint(τ ′)dτ
′
uαI,j (τ1)u
β
I,k (τ2)
]}
,
(6)
where uαI,j (τ1) = e
i
~
H0τ1uαj e
− i
~
H0τ1 is operator in the in-
teraction picture and similarly for uβI,k (τ2) and H
I
int (τ
′).
3Now the variables τ1 and τ2 are on the Keldysh contour
[22, 23] K from −∞ to ∞ and back from ∞ to −∞.
The contour variables such as τ1 only influence the or-
dering of the operators under Tc, and e
i
~
H0τ1 has the
same meaning as e
i
~
H0t1 with real time t1. Expanding
the exponential to perform a perturbation expansion and
using Feynman diagrammatic technique, we can obtain
Dyson equations for Gαβ (τ1, τ2) , α, β = L,C,R such
as GCLij (τ1, τ2) =
∑
l,n
∫
K
dτgCil (τ1, τ) V
CL
ln G
LL
nj (τ, τ2) +∑
l,n
∫
K
dτgCil (τ1, τ)V
CR
ln G
RL
nj (τ, τ2), etc. All these
Dyson equations could be symbolically lumped into a
compact matrix expression,
G = g + gV G = g +GV g, (7)
where G =

G
LL GLC GLR
GCL GCC GCR
GRL GRC GRR

 , g =

g
L 0 0
0 gC 0
0 0 gR

 ,
V =

 0 V
LC V LR
V CL 0 V CR
V RL V RC 0

 (V T = V ), and
gαjk (τ1, τ2) = −
i
~
Tr
{
e−βαHα
Tr (e−βαHα)
Tc
[
uαI,j (τ1)u
α
I,k (τ2)
]}
,
(8)
α = L,C,R are equilibrium contour-ordered Green’s
functions for the free subsystems, which are easy to cal-
culate directly. No approximation is needed here, since
the coupling Hint is quadratic.
C. Generalized steady-state current formula
Certainly, heat current flowing out of the left lead in
steady state doesn’t depend on time and based on its
definition IssL ≡ −Tr [ρˆss (s) dHL (t)/dt] for t > s, we
could simply obtain
IssL =−
∫ ∞
−∞
dω
2pi
~ωTr
[(
V G< [ω]
)
LL
]
=−
∫ ∞
−∞
dω
2pi
~ωTr
[(
VredG
<
red [ω]
)
LL
]
, (9)
where (V G< [ω])LL denotes the LL part submatrix of
V G< [ω]. Observing the structure of Tr [(V G< [ω])LL],
we note that the size of the G< [ω] making nonzero con-
tribution to IssL is completely determined by nonzero en-
tries in the symmetric total coupling matrix V . So we
don’t need the full G< [ω] which is an infinite matrix
due to the two semi-infinite leads. According to this ob-
servation, we choose the reduced square matrix G<red [ω]
to be the corresponding submatrix of G< [ω] determined
by the row indexes of nonzero row vectors of coupling
matrixes V LC , V LR, V RC , V RL plus full center part row
indexes inside the total coupling matrix V for the rows
of G<red [ω], the column indexes of nonzero column vec-
tors of coupling matrixes V CL, V RL, V CR, V LR plus full
center part column indexes inside the total coupling ma-
trix V for the columns of G<red [ω]. In order to calcu-
late the lesser Green’s function G<red [ω], closed Dyson
equation for reduced contour-ordered Green’s function
Gred (τ1, τ2) is needed. Equation (7) is the starting point
and indeed it is also true that Gred = gred+gredVredGred,
where gred is similarly defined asGred and Vred is the sub-
matrix of original V after crossing out all the zero col-
umn and row vectors except for the possible zero vectors
whose row or column indexes are the center (junction)
ones. Actually, Gred is just the corresponding submatrix
of G just like Vred.
From now on, for notational simplicity, we omit the
subscript red of all the steady-state Green’s functions
and all the coupling matrices with the understanding that
these matrices are of finite dimensions.
Using the Langreth theorem [20] and Fourier trans-
forming the obtained all kinds of real-time Green’s func-
tions, we can get
G< [ω]
=Gr [ω]

−ifLΓ˜L [ω] 0 00 0 0
0 0 −ifRΓ˜R [ω]

Ga [ω] , (10)
where
Γ˜{L,R} ≡ i
[(
gsur,a{L,R}
)−1
−
(
gsur,r{L,R}
)−1]
, (11)
gsur,aL is the advanced surface Green’s function for the left
lead coming from the corresponding part of the advanced
reduced Green’s function gared and similarly for the re-
tarded one. This new function plays important role for
our generalized Caroli formula and for an interface for-
mula to be derived below. Here, fluctuation dissipation
theorem g<α [ω] = fα [ω] (g
r
α − gaα) , α = L,C,R. has been
used. So is (gaC)
−1 − (grC)−1 = 0, which is responsible
for the vanishing of junction temperature dependence of
final steady-state current formula. With respect to vari-
ous Green’s functions and specific convention of Fourier
transform, we use the same definitions as Ref. [24].
Substituting the Eq. (10) into steady current expres-
sion (9), we can easily obtain
IssL =
∫ ∞
−∞
dω
2pi
~ω
(
fLT1 [ω] + fRT2 [ω]
)
, (12)
Where,
T1 [ω] = iTr
(
V LCGrCLΓ˜LG
a
LL + V
LRGrRLΓ˜LG
a
LL
)
,
(13)
T2 [ω] = iTr
(
V LCGrCRΓ˜RG
a
RL + V
LRGrRRΓ˜RG
a
RL
)
,
(14)
Again applying Langreth theorem and Fourier transform
to the corresponding reduced one of Eq. (7), we could
4get GaLR = G
a
LLV
LRgsur,aR +G
a
LCV
CRgsur,aR and G
a
LC =
GaLLV
LCgaC + G
a
LRV
RCgaC . Using the relations such as
(GrCL)
†
= GaLC ,
(
Γ˜L
)†
= Γ˜L(where the superscript †
stands for transpose conjugate) etc., we obtain
T1 [ω] + T
∗
1 [ω] =Tr
(
GrRLΓ˜LG
a
LRΓ˜R
)
, (15)
In deriving it, cyclic property of the trace was used. Fol-
lowing similar steps, we could get
T2 [ω] + T
∗
2 [ω] =−Tr
(
GaRLΓ˜LG
r
LRΓ˜R
)
, (16)
Due to these properties that Γ˜Tα = Γ˜α, α = L,R,
(GrRL)
T
= GrLR and (G
a
RL)
T
= GaLR, it is easy to show
that T1 + T
∗
1 = − (T2 + T ∗2 ) . Now we define the general
transmission coefficient
TG [ω] ≡T1 [ω] + T ∗1 [ω] = Tr
(
GaRLΓ˜LG
r
LRΓ˜R
)
. (17)
Since current is certainly a real number, and this prop-
erty has been kept in the whole derivation, we have
IssL =
1
2
(IssL + I
ss∗
L ) =
1
2
∫∞
−∞
dω
2pi
~ω TG [ω] (fL − fR).
According to the definitions of retarded and ad-
vanced Green’s functions in the frequency domain,
we know GaRL [−ω] = (GrLR [ω])T and Γ˜{L,R} [−ω] =(
−Γ˜{L,R} [ω]
)T
. Together with fL [−ω] − fR [−ω] =
−fL [ω]+fR [ω], steady current IssL can be simplified fur-
ther to the final expression
IssL =
∫ ∞
0
dω
2pi
~ω TG [ω] (fL − fR) . (18)
Thus, it is the same as expected that Landauer-like for-
mula still apply to this general case taking lead-lead in-
teraction into account. And this Landauer-like formula
with the explicit general transmission coefficient expres-
sion (17) is our central result.
Now we need to know how to calculate GrLR in order
for specific applications. According to the corresponding
reduced one of Eq. (7), we can obtain a closed equation
for GrLR
GrLR =g˜
r
LV˜
LR,rg˜rR + g˜
r
LV˜
LR,rg˜rRV˜
RL,rGrLR, (19)
where g˜rα ≡
(
(gsur,rα )
−1 − V αCgrCV Cα
)−1
, α = L,R,
and
(
V˜ RL,r
)T
= V˜ LR,r = V LR + V LCgrCV
CR. Since
GaRL = (G
r
LR)
†
, now all the quantities necessary to
obtain general transmission coefficient TG could be ex-
pressed in terms of retarded or advanced form of subma-
trix of gred and submatrix of Vred, which are both easily
obtained.
D. Recovering Caroli formula and deriving an
interface formula
First, we recover Caroli formula for transmission co-
efficient. In this case, coupling between the two leads
VLR has been assumed to be 0. Thus, similar to what we
did in subsection II C, we could easily derived GrLR =
gsur,rL V
LCGrCR = g
sur,r
L V
LCGrCCV
CRgsur,rR . Together
with GaRL = (G
r
LR)
†
, we could immediately obtain from
formula (17) that T [ω] = Tr (GrCCΓRG
a
CCΓL). Here, we
should remember that all the quantities inside the trace
now are reduced ones. However, it is still equal to ex-
pression (2), in which all the quantities could be the full
ones, taking trace operation and the reducing procedure
for G and V into account. How to calculate T [ω] and
apply this efficient formula to specific applications has
been stated by many authors, e.g. [25].
Now we try to derive an interface formula still based on
formula (17). By interface we simply mean left lead and
right lead has been connected directly and center junction
has been removed. Mathematically, we know V CL = 0
and V CR = 0 in this situation. Consequently, GrLR =
gsur,rL V
LRGrRR and G
a
RL = (G
r
LR)
†
= GaRRV
RLgsur,aL .
Straightforwardly, we get the transmission coefficient for-
mula in this interface problem [26]
TI [ω] =Tr
(
GrRRΓ˜RG
a
RRΓL
)
. (20)
In order to apply this formula, still we need a closed
equation for GrRR, which could be simply obtained to be
GrRR =g
sur,r
R + g
sur,r
R Σ˜
r
LG
r
RR, (21)
where the reduced retarded self-energy is given by Σ˜rL =
V RLgsur,rL V
LR.
III. AN ILLUSTRATIVE APPLICATION
The illustrative example is a one-dimensional central
ring problem, in which there is only one particle in the
center junction connected with two semi-infinite spring
chain leads. In this model, the interaction between the
two nearest particles inside the two leads also exists
taken into account as V LR. Thus, the form of the to-
tal Hamiltonian is the same as (4) with Kα0 , α = L,R
the semi-infinite tridiagonal spring constant matrix con-
sisting of 2ω21 + ω
2
0 along the diagonal and −ω21 along
the two off-diagonals, KC = 2ω21 + ω
2
0 , V
LC
red = −ω21,
V CRred = −ω21 and V LRred = −βω21 , where β is the cou-
pling strength between two leads. The on-site potential
term ω20 is necessary in establishing the steady-state cur-
rent dynamically [21]. In this simple case, there is an
analytical expression for gsur,rα,0 [ω] , α = L,R, which is
gsur,rα,0 = −λ1/ω21 , λ1 = (−Ω±
√
Ω2 − 4ω41)/(2ω21), where
Ω = (ω + i0+)
2 − 2ω21 − ω20 and the choice between the
plus or minus sign depends on satisfying |λ1| < 1. And
gsur,rC [ω] = 1/Ω. After all these preparations, the trans-
mission coefficient is simply calculated by the formula
(17).
Also, there is an alternative method to deal with this
problem suggested by Di Ventra as we mentioned in Sec-
tion I. Essentially we repartition the total Hamiltonian
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FIG. 1. (Color online) The transmission coefficient T [ω] as a
function of frequency for coupling between leads (a) β = 0.2,
(b) β = 0.4, (c) β = 0.6, (d) β = 0.8. The results was
calculated directly (red solid line), and by repartitioning the
total Hamiltonian (blue circles). ω0 = 0.1ω1 in all cases.
so that interaction between leads is absent. Thus, in this
model, the form of the total Hamiltonian is still the same
as (4) but with
KC =

2ω
2
1 + ω
2
0 −ω21 −βω21
−ω21 2ω21 + ω20 −ω21
−βω21 −ω21 2ω21 + ω20

 , (22)
V LCred =
[−ω21 0 0] , (23)
V CRred =

 00
−ω21

 . (24)
Since now V LRred = 0, we can use either the Caroli formula
(2) or the general one (17) to calculate the transmission
coefficient. The results of the two methods were com-
pared in Fig. 1. It turns out to be that they are the
same, which justifies the suggestion of Di Ventra from
NEGF point of view in this example.
Probably a much efficient way to calculate the trans-
mission coefficient in this type of noninteracting prob-
lem is to use the interface formula (20). Frequently, the
surface Green’s functions will become complex when we
separate the total system into two parts in order to apply
the interface formula. However, there are some efficient
algorithms for surface Green’s functions see, for exam-
ple, Ref. [25]. Now we will show a specific application of
interface formula (20).
IV. AN EXPLICIT INTERFACE
TRANSMISSION FUNCTION FORMULA
Here in this section we derive an explicit expression
for the transmission function TI [ω] using Eq. (20) for the
single interface setup, i.e. the left and right lead are
directly connected and the center part is removed.
Let us consider that the normalized force constant for
left and the right leads are ω21 and ω
2
2 respectively and
the normalized interface coupling strength is ω212. Also,
onsite potential ω20 to all the atoms exists to ensure that
the steady state could be established dynamically. This is
a quite general scenario for a one-dimensional harmonic
chain which is useful for the study of interface effects. So
one of the force constant matrix say KL is equal to KL0 +
∆K where ∆K is the semi-infinite matrix with only first
element is nonzero ∆K11 = ω
2
12−ω21 whileKL0 is the same
as defined in the last application. Similarly for KR with
ω21 replaced by ω
2
2 . In order to obtain the explicit form,
only inputs that are required are retarded surface Green’s
function gsur,rα for both the leads. G
{r,a}
RR in Eq. (20) can
then be easily obtained from these expressions.
Let us calculate the surface Green’s function for one of
the leads, say the left lead. Then for the right lead it can
be obtained just by replacing ω21 with ω
2
2 . The surface
Green’s function for a semi-infinite lead when all force
constants are the same is given as before, i.e. gsur,rL,0 . Now
for this interface case we can obtain the surface Green’s
function as follows. The retarded Green’s function for
the left lead satisfies the following equation
[
(ω + i0+)2 −KL]grL = I. (25)
Taking KL = KL0 +∆K into account, and using ∆K as
a perturbation we can write
grL = g
r,0
L + g
r,0
L ∆Kg
r
L. (26)
Since in this case only first atom of the left lead is con-
nected with the first atom of the right lead, the retarded
surface Green’s function of the left lead is just the (1, 1)th
element of grL and we obtain
gsur,rL =
1
ω21 − ω212 − ω21/λ1
, (27)
and the self-energy for the lead is given by
Σ˜rL =
ω412
ω21 − ω212 − ω21/λ1
. (28)
Knowing this surface Green’s function and self-energy,
we can easily obtain TI [ω] from Eq. (20) which can be
written as
TI [ω] = − ω
2
1ω
2
2ω
4
12(λ1 − λ∗1)(λ2 − λ∗2)∣∣(ω21 − ω212 − ω21/λ1)(ω22 − ω212 − ω22/λ2)− ω412∣∣2 ,
(29)
where, λ2 is similarly defined as λ1 with ω1 replaced by
ω2. It has been noted that it matches exactly with the
result in Ref. [27], where this expression is obtained from
wave-scattering method. Now if ω21 = ω
2
2 = ω
2
12 then we
have perfect transmission i.e., TI [ω] = 1 for ω within the
phonon band ω20 ≤ ω2 ≤ 4ω21 + ω20 and 0 outside this
region.
6V. SUMMARY
We examine the heat current in a lead-junction-lead
quantum system, in which coupling between the leads
has been taken into account. After assuming ideal steady
state could be established from initial product state, we
rigorously derived a general Landauer-like formula in the
NEGF framework, from which the corresponding trans-
mission coefficient was obtained. Based on this general
transmission coefficient formula, Caroli formula was re-
covered and a computationally efficient interface formula
applicable to the case in which the total noninteracting
Hamiltonian could be repartitioned was derived. Also an
illustrative example was given as both a verification of the
validity of the repartitioning procedure which doesn’t af-
fect the steady current value and the clarification of the
meaning of some quantities used in the formula such as
V LCred etc in different situations. Finally, we derived an
explicit transmission coefficient formula in a quite gen-
eral one-dimensional interface situation based on inter-
face formula, which turned out to be perfectly consistent
with result obtained by wave-scattering method.
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